Abstract. Previous studies have suggested that certain genetic polymorphisms, specifically the Xeroderma pigmentosum group D (XPD) gene codon 751 and the X-ray repair crosscomplementing group 1 (XRCC1) gene codon 399 polymorphisms, were associated with an increased risk of lung cancer, and, in some studies, with a greater risk for mutations in the p53 tumor suppressor gene in lung tumors. To evaluate whether these gene polymorphisms may be associated with an increased risk for bladder cancer or in association with p53 mutation status in bladder tumors, we screened for polymorphisms at XPD codons 751 and XRCC1 codon 399 in DNA isolated from blood of 194 bladder cancer patients and 313 healthy controls and for mutations in exons 4 to 8 of the p53 gene in bladder tumor DNA from 174 bladder cancer patients. There was a significantly higher prevalence of the XPD 751 Gln allele among the bladder cancer group, compared with the control group. No association was found between bladder cancer risk and the XRCC1 399 polymorphism. p53 mutations were found in 20.1% (35/174) patients. There was no difference in p53 mutation status among individuals with different genotypes. These results suggest that individuals who have the XPD 751 Gln allele may be at an increased risk for bladder cancer, although this may not lead to an increased risk for mutations in the p53 gene.
Introduction
Cigarette smoking is a primary risk factor for bladder cancer (1) (2) (3) (4) . Cigarette smoke contains a wide variety of chemical carcinogens, including polycyclic aromatic hydrocarbons, aromatic amines, N-nitroso and other compounds that can form bulky adducts and other types of damage on DNA of urothelial cells after activation by specific drug metabolism enzymes (5) . Other metabolism enzymes function to repair damage to restore the integrity of the original DNA (6) . This biological process prevents or at least minimizes the possibility that accumulated un-repaired damage irreversibly leads to genetic changes, including point mutations (7) . For instance, benzo[a]pyrene can be bioactivated in vivo into benzo[a]-pyrene-diol epoxides (BPDE), which are well-known damaging metabolites and are related to a specific mutational spectrum in the p53 gene (7) . Tobacco smoke and tobacco itself increase the production of radical oxygen species (ROS) in cells, resulting in the production of oxidative lesions in DNA. The accumulation of ROS may inflict oxidative DNA damage indirectly, by inactivation of enzymes that are involved in DNA repair, or directly, by generating DNA strand breaks and base damage that can lead to mutations in tumor suppressor genes or oncogenes (8, 9) .
Inactivation of the tumor suppressor gene p53 by mutations is common in a wide variety of human cancers, including bladder cancer (10) . Within bladder tumors, the frequency of p53 mutations is between 15 and 60% (11) (12) (13) (14) . The origin(s) and mechanism of formation of these mutations in bladder cancer are unclear. However, the association of this cancer with tobacco smoke exposure suggests that some of the p53 mutations found in bladder tumors may derive from DNA damage caused directly or indirectly by tobacco smoke carcinogens. The removal or repair of DNA damage thus plays a key role in protecting the integrity of the genome from the insults of cancer-causing agents. DNA repair gene polymorphisms may result in altered function and/or efficiency of DNA repair, and may contribute to inter-individual variation of DNA repair capacity (6, 15, 16) . Bulky adduct lesions induced by smoking chemical carcinogens are repaired through the nucleotide excision repair (NER) pathway (17) . Xeroderma pigmentosum group D (XPD) is involved in the NER pathway by functioning as an ATP-dependent DNA helicase with its 5'->3' activity joint to the basal transcription factor IIH (TFIIH) (18) . Several non-synonymous single nucleotide polymorphisms that induce amino acid changes have been found in the XPD gene including codon 751 (Lys/Gln) (19) . In addition to NER, damaged bases and DNA single strand breaks can be repaired through the base excision repair (BER) pathway (20) . The X-ray repair cross-complementing group 1 (XRCC1) protein is implicated in the BER processes by serving as a molecular scaffold interacting with poly (ADP-ribose) polymerase (PARP), DNA polymerase-ß and DNA ligase IIIa (21) (22) (23) (24) (25) (26) . Multiple polymorphisms in the XRCC1 gene that lead to amino acid substitutions have also been described, including at codon 194 (Arg/Trp), codon 280 (Arg/His) and codon 399 (Arg/Gln) (19) . The XRCC1 Gln399 polymorphism resulting in single base substitution may affect binding with PARP, leading to a deficiency of DNA repair (27) . Epidemiological studies have indicated that these polymorphisms might modify the risk of bladder cancer (4, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) .
There have been a number of studies investigating the prevalence of p53 mutations and their role in bladder cancer risk (10) (11) (12) . A few studies have reported the relationship between polymorphisms of DNA repair genes, specifically XPD and XRCC1, and bladder cancer risk (28, 29, (31) (32) (33) (34) (35) 38, 39) . These studies have suggested that there is an association between XPD and XRCC1 polymorphisms and risk for bladder cancer. Functional changes in repair capacity due to inheritance of certain polymorphisms could increase the chance that adducts produced from tobacco carcinogens resulting in p53 mutations. In this study, we explored the role of the XPD 751 and XRCC1 399 genetic polymorphisms as risk markers and investigated the relationship between these polymorphisms and presence of p53 mutations in bladder cancer in a UK population.
Materials and methods
Subjects and tissue specimens. All bladder cancer cases enrolled were among referrals to the 'hematuria' clinic at the Bristol Royal Infirmary in the UK. No patient had a prior confirmed diagnosis of bladder cancer. For study of the relationship between DNA repair polymorphisms and bladder cancer risk we analyzed 194 patients with incident transitional cell carcinoma of bladder from Bristol who had blood samples available for genotyping analysis (Table I) . A fraction of these patients also had tumor tissues for p53 mutation analysis. However, only 44 healthy control subjects were available from Bristol. For this reason, 269 hospital-based clinic healthy subjects previously analyzed were also used for comparison (40) . Information regarding age, gender, ethnicity, smoking history and other environmental factors was obtained by questionnaire. The 194 bladder cancer patients consisted of 154 males and 40 females, including 44 non-smokers and 150 smokers. The mean age of diagnosis for patients with bladder cancer was 71.2 years (range 39-100). The 44 Bristol controls consisted of 33 males and 11 females and included 19 non-smokers and 25 smokers with a mean age of 52.5 years (range 30-69). The 269 controls from Pittsburgh consisted of 119 males and 150 females, including 156 non-smokers and 113 smokers and had a mean age of 59.9 years (range 27-85). The age, gender distribution, and smoking status of these Pittsburgh control subjects were significantly different from those of the cancer cases from Bristol. They were adjusted for data analysis. Blood samples from all subjects and tumor specimens from bladder cancer patients were obtained with written consent.
Analysis of p53 mutations and XPD and XRCC1 genotyping.
Mutations in exons 4-8 of the p53 gene from 174 patients were analyzed using PCR+SSCP as described previously (41, 42) . Each mutant allele appearing on the gel was isolated and further characterized by sequencing, using an ABI PRISM 377 automatic sequencer. The XPD 751 Lys/Gln and XRCC1 399 Arg/Gln polymorphisms were analyzed in genomic DNA using the ABI Prism 7700 sequence detector (TaqMan, Applied Biosystems, Foster City, CA) as described previously (43) (44) (45) .
Statistical analysis.
Hardy-Weinberg equilibrium was tested by a goodness-of-fit ¯2 test to compare the observed genotype frequencies with the expected frequencies. Logistic regression was used to estimate crude ORs and/or adjusted ORs and 95% CIs. Fisher's exact, and ¯2 (Pearson's correlation) were employed to test the difference between cases and controls and the association between genotypes and p53 mutation frequency dichotomized as mutation negative and mutation positive. All statistical tests were two-sided. A p=0.05 was considered statistically significant. Analysis was performed using the STATA 9.0 software for Windows.
Results

Genotype and allele frequencies for XPD and XRCC1 polymorphisms.
The genotypes and frequency distribution of alleles among the controls and cases are presented in Table I . There was a marginally significantly higher prevalence of the XPD 751 Gln allele among the bladder cancer group, compared with the Bristol control group (67.0 vs. 52.3%, OR=1.9, 95% CI=1.2-2.5, p=0.065). The significance was more evident as compared to the Pittsburgh control (67.0 vs. 43.1%, OR=2.7, 95% CI=1.8-3.9; adjusted OR=2.0, 95% CI=1.1-3.8, p=0.023), or the combined Bristol and Pittsburgh controls (67.0 vs. 44.4%, adjusted OR=1.9, 95% CI=1.1-3.7, p=0.021). No association was found between bladder cancer risk and either of the XRCC1 399 gene polymorphisms (p>0.05). Furthermore, analysis of the XPD 751 and XRCC1 399 alleles for the 44 controls from Bristol showed no significantly different allele frequencies for these two SNPs as compared to the Pittsburgh Caucasian population. The genotype frequencies were in Hardy-Weinberg equilibrium for both XPD 751 and XRCC1 399 in both the controls and cases (p>0.05), but not for the XPD 751 in the Pittsburgh control population (p<0.01).
p53 mutation in bladder tumors. Tumor tissues from 174 bladder cancer patients were examined for mutations in exons 4-8 of the p53 gene. p53 mutations were found in 20.1% (35/174) patients. The distribution of p53 mutations is shown in Fig. 1 . The p53 mutational events scattered throughout exons 4-8, with a preference for codons 124 (TGC to GGC) and 281/282 (GACCCG to GATTCG). The majority of p53 mutations was transitions (62.9%, 22/35, including 8 G to A, 5 C to T, 5 CC to TT double transitions, and 4 A to G), followed by 34.3% transversions (12/35, including 6 G to T, 5 T to G, and 1 A to T), and 2.9% (1/35) deletion.
Characterization of the roles of XPD and XRCC1 polymorphisms in p53 mutations. In order to investigate whether a variation in DNA repair capacity associated with XPD and XRCC1 polymorphisms affects the prevalence of mutations in the p53 gene, we compared the XPD and XRCC1 genotypes with p53 mutation frequencies in bladder tumors in 117 cases that had data available for genotypes and p53 mutations (Table II) . Individuals with the XPD Lys751Lys, and Lys751Gln or Gln751Gln had a 13.9% (5/36), and 20.8% (16/77) p53 mutation frequency. Furthermore, individuals containing the XRCC1 Arg399Arg, and Arg399Gln or Gln399Gln had a 16.7% (9/54), and 20.6% (13/63) p53 mutation frequency. No evidence of an association between the presence of p53 mutations and the XPD 751 or XRCC1 399 genotypes was found (p>0.05).
Discussion
We investigated the role of polymorphisms in the DNA repair genes, XPD and XRCC1, and the status of p53 mutations in bladder cancer patients, as well as the relationship between these polymorphisms and p53 mutations in a UK population. Our results showed that there was a significantly higher prevalence of the XPD 751 Gln allele among the bladder cancer group, compared with the control groups. No association was found between bladder cancer risk and the XRCC1 399 gene polymorphism. Mutations in p53 were found in 20.1% (35/174) patients, with a majority of transition mutations (62.9%, 22/35). There was no difference in p53 mutation status among patients carrying different XPD 751 and XRCC1 399 genotypes.
In our previous studies, we hypothesized that if there were functional relevance for the polymorphic DNA repair enzymes in the removal of DNA damages, we would detect differences in p53 mutation frequencies in lung tumors of smoking and/or non-smoking lung cancer patients (43, 45) . We observed a significant association of p53 mutation frequencies and nucleotide excision repair polymorphisms of XPD in smoking non-small cell lung cancer patients (43) Table I . Genotype frequencies of DNA repair enzyme genes in cases and controls. 
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with XRCC1 genotypes in non-small cell lung cancer patients from never-smokers (45) . Furthermore, the p53 mutation frequency increased with an increasing number of combined genotypes associated with a lower DNA repair capacity of XPD and XRCC1 399 in lung cancer patients from both smokers and non-smokers (43, 45) . These results suggested that the presence of certain gene-gene combinations might influence the levels of p53 mutations in lung tumors.
There have been several studies investigating the relationship between polymorphisms of DNA repair genes, specifically XPD and XRCC1 (28, 29, (31) (32) (33) (34) (35) 46, 47) , and the role of p53 mutations (10) (11) (12) in bladder cancer. Given the lack of direct functional measures of DNA repair capacity associated with the different polymorphisms, it is difficult to integrate the sometime divergent results of the existing studies on XPD and XRCC1. The meta-analyses for XPD and XRCC1 polymorphisms suggested that XPD 751 and XRCC1 399 polymorphisms might not be associated with bladder cancer susceptibility, except that XRCC1 399 Gln/Gln genotype decreased susceptibility of bladder cancer under recessive model and homozygote contract among ever-smokers (30, 36, 37) . The results from our present study suggest that individuals who have the XPD 751 Gln allele may be at an increased risk for bladder cancer, consistent the results of a previous report (28) . Nevertheless, conflicting findings from existing literature regarding XPD and XRCC1 polymorphisms in bladder cancer indicate that further larger studies are required to explore the roles of these polymorphisms in bladder cancer risk.
Only three studies have focused on the relationship between DNA repair polymorphisms and p53 mutations in bladder cancer (48) (49) (50) . We did not find that the potential for altered repair capacity due to XPD 751 and XRCC1 399 genetic polymorphisms may influence the occurrence of p53 mutations in bladder cancer, consistent with the results of Ryk et al (48) and Sakano et al (49) . However, the study by Stern et al suggested that the p53 mutation types in bladder cancer may differ according to the presence or absence of certain DNA repair gene variants (50) . For instance, bladder cancer cases with the XRCC1 codon 399 Gln/Gln genotype were positively associated with the presence of p53 transversions while cases with the XPD codon 751 Gln/Gln genotype were positively associated with the presence of p53 transitions, in particular G:C-A:T transitions (50). We did not find any association between certain types of p53 mutations and XPD 751 or XRCC1 399 genetic polymorphisms (data not shown). In addition, compared with the results from our previous lung cancer studies (43, 45) , we did not find any association between the p53 mutation frequency in bladder tumor and an increasing number of combined genotypes associated with a lower DNA repair capacity of XPD 751, and XRCC1 399 (data not shown). The reasons for the discrepancies between the results of our study and those of Stern et al (50) are unclear. In our study, only 117 bladder cancer cases had data for both p53 mutations and DNA repair gene polymorphisms, which is smaller in comparison with the 139 bladder cancer cases that had both these data in the study by Stern et al (50) . Further studies involving a larger number of subjects may help better understand the discrepancies among various studies regarding the relationship between the polymorphisms of these DNA repair genes and p53 mutations in bladder cancer risk.
While many studies showed that p53 mutations were frequently detected in bladder tumors, some studies reported these mutations mostly in the more malignant bladder cancer (51), suggesting they were involved in late events of bladder tumorigenesis. Furthermore, a few studies showed no obvious correlation between the types and/or frequencies of p53 mutations in bladder tumors and the patients' smoking history (52, 53) . In lines with several previous findings (5, (10) (11) (12) (13) 50, 54) , the majority of p53 mutations in our study were G:C-A:T transitions (62.9%), followed by transversions (34.3%), and occurred throughout exons 4 to 8. Furthermore, eight of the mutations in our study occurred at the same codons as those reported by Stern et al (50) , including a CGG-TGG transition at codon 282 and a CGG-CAG transition at codon 248 that were identified in both studies. The other common mutated codons (codons 141, 161, 244, 248 and 286) were the site for a different transition mutation in each study. In addition, in our study codons 124 (TGC-GGC) and 281/282 (GACCCG GATTCG) were preferentially mutated. The codon 124 mutation had not been reported previously. However, mutations in codons 280 through 287 had been reported in several studies although none of them corresponded to the CC to TT tandem mutation observed in our study (53) (54) (55) (56) . For instance, Spruck et al (53) found double mutations within the codons 280-287 sequence but in only tumors from current smokers and not in those from non-smokers. Another study reported similar frequencies and major types of p53 mutations in bladder tumors between arylamine-exposed workers and non-exposed Table II . XPD and XRCC1 genotypes and p53 mutation. 
workers (54) . Overall, while bladder cancer risk has been strongly associated with environmental and occupational exposure, there have been no clear p53 mutational patterns linking bladder cancer with specific carcinogenic exposure. For comparison, our previous studies of lung tumors showed a predominance of G:C-T:A transversion, followed by G:C-A:T transition, many of them occurred at hotspot codons 248 and 249 in lung adenocarcinomas from smokers, suggesting they were primarily induced by adducts caused by polycyclic aromatic hydrocarbons and aromatic amines in tobacco smoke. These mutations were different from those found in lung tumors from non-smokers that consisted predominantly of transitions and were scattered throughout exons 5 to 8 (41, 42) . Nevertheless, in bladder cancer it has been suggested that the G:C-A:T mutations may be induced by alkyl adducts, such as those caused by exposure to nitrosamines (54) . Furthermore, oxygen-free radicals that represent a constituent of tobacco smoke and are also produced endogenously by cellular processes may be bladder carcinogens capable of producing the types of mutations found in bladder tumors (53, 57, 58) .
There are several limitations in our study. First, the number of controls from Bristol was relatively small. Secondly, the use of the Pittsburgh control population was not ideally designed for this study and the Hardy-Weinberg equilibrium indicated a possible selection bias for XPD 751 genotype. Nevertheless, we analyzed these subjects for polymorphisms at XPD codons 751 and XRCC1 codon 399. Our results showed no differences in allele frequencies for the two SNPs between the 44 Bristol control and the 269 Pittsburgh control subjects. Furthermore, the genotype data for the Bristol and Pittsburgh control subjects were comparable with those of other controls from previous studies using European population (31, 32, 38, 39, 59) . These results are also consistent with those reported for these SNPs for Caucasian population in the database for Single Nucleotide Polymorphism (dbSNP, www.ncbi. nlm.nih.gov/projects/SNP/). Taken together, these results suggest that the use of a control population from either Bristol or Pittsburgh in this study may not affect our data interpretation regarding the relationship between XPD and XRCC1 polymorphisms and bladder cancer risk in Bristol. Another limitation is that only a subset of cases (117/194, 60.3%) had data available for both genotypes and mutations. However, this subset of cases seemed to be representative of all the cases in terms of p53 mutation frequency [22/117 (18.8%) vs. 35/174 (20.1%), p=0.78] and distribution of genotypes (p=0.84 for XPD 751; p=0.75 for XRCC1 399). Finally, given the small number of sample size, we were unable to perform combinative analyses of DNA repair polymorphisms, p53 mutations, smoking, and clinical parameters such as grade and stage.
Taken together, these results suggest that, unlike in lung cancer, the presence of p53 mutations is associated with advanced bladder cancer and defines an especially malignant subset of bladder tumors. Nevertheless, one cannot exclude the possibility that some of the p53 mutations found in bladder tumors may result from un-repaired damage induced by tobacco smoke carcinogens and represent early events in bladder tumorigenesis (60, 61) . Additional studies involving a larger number of bladder cancer patients with various tumor stages will help test this possibility and the association between polymorphisms of these DNA repair genes and the role of p53 mutations in bladder cancer.
